Lipids possess a wide range of biological activities in plants, animals and humans. They also serve as important components of our daily diet and provide both energy and essential fatty acids; they also act as carriers of fat-soluble vitamins and help in their absorption. Lipids are crucial as a heating medium for food processing and affect the texture, mouth feel and flavour of foods. Structured lipids (SL) are triacylglycerols (TAG) modified to alter the fatty acid composition and/or their location in the glycerol backbone via chemical or enzymatic means. SL may offer the most efficient means of delivering target fatty acids for nutritive or therapeutic purposes as well as to alleviate specific disease and metabolic conditions. This document discusses chemistry, composition, classification, function, occurrence in food and biological activities of lipids. It also sheds light on different aspects of structured lipids, including SL applications, synthesis (chemical vs. enzymatic), SL and aquaculture and future considerations for SL.
Introduction
Lipids are a chemically heterogeneous group of compounds that are insoluble or sparingly soluble in water, but soluble in non-polar solvents. They serve several important biological functions including: 1) acting as structural components of all membranes; 2) serving as storage form and transport medium of metabolic fuel; 3) serving as a protective cover on the surface of several organisms; and 4) being involved as cell-surface components concerned with cell recognition, species specificity and tissue immunity. Lipids also constitute a major component of the daily diet, and provide both energy and essential fatty acids. Lipids also act as carriers of fatsoluble vitamins A, D, E and K and help in their absorption. Finally, lipids act as a heating medium for food processing and affect the texture, mouth feel and flavour of foods [1] .
Chemistry and Composition of Lipids

Fatty Acids
Fatty acids form the basic chemical structure of fats. The triacylglycerols (TAG) constitute 80% -95% of lipids. One molecule of TAG consists of three fatty acids and one glycerol molecule. The physical properties of TAG differ, depending on the source they are derived from.
Those derived from animal fats are solid at room temperature (lard, butter, etc.); while those obtained from plant and marine oils are liquid at room temperature (cod liver oil, olive oil, etc.). Fatty acids fall into two main categories: saturated and unsaturated; the latter being further subdivided into monounsaturated (MUFA) and polyunsaturated (PUFA). PUFA is divided into two main classes, depending on the location of the first double bond from the methyl end group of the fatty acid; these are n-3 (also omega-3), n-6 (also omega-6). While saturated and monounsaturated fatty acids are also made in the human body, polyunsaturated fatty acids (PUFA) cannot be produced in the human body and must be obtained from dietary sources. Therefore PUFA are considered essential fatty acids (EFA).
Saturated Fatty Acids
Saturated fatty acids contain only single carbon-carbon bonds in the aliphatic chain and hydrogen atoms occupy all other available bonds. The most abundant saturated fatty acids in animal and plant tissues are usually straight chain compounds with 10, 12, 14, 16 and 18 carbon atoms. In general, saturated fats are solid at room temperature. They are found mainly in margarine, shortening, coconut and palm oils as well as foods of animal origin.
For a series of saturated fatty acids the melting point increases as the length of the chain increases. Typically, adding double bonds to a saturated fatty acid will lower its melting point.
Short-Chain Fatty Acids (SCFA)
Short-chain fatty acids (SCFA) range from C2:0 to C4:0 and include acetic (C2:0), propionic (C3:0) and butyric acids (C4:0). They are the end products of carbohydrate fermentation in the human gastrointestinal tract [2] . SCFA are quickly absorbed in the stomach because of their higher solubility in water, smaller molecular size, and shorter chain length [3] and provide fewer calories than medium-chain fatty acids (MCFA) or long-chain fatty acids (LCFA) (acetic acid, 3.5 kCal; propionic acid, 5.0 kCal; butyric acid, 6.0 kCal).
Medium-Chain Fatty Acids (MCFA)
Medium-chain fatty acids (MCFA) comprise 6 -12 carbon atoms that result from hydrolysis of tropical plant oils such as those of coconut and palm kernel [4, 5] . Pure medium-chain triacylglycerols (MCT) have a caloric value of 8.3 kCal /g and do not supply essential fatty acids [6, 7] . MCFA are more hydrophilic than their longchain fatty acid (LCFA) counterparts. MCFA have many distinctive features such as high oxidative stability, low viscosity and low melting point [8] .
MCT exhibit unique structural and physiological characteristics; they are different from other fats and oils because they can be absorbed via the portal system without hydrolysis and reesterification because they are relatively soluble in water. MCT do not require chylomicron formation to transfer from blood stream to the cells and have a more rapid β-oxidation to form acetyl CoA end products which are further oxidized to yield CO 2 in the Kreb's cycle [9] . Absorption and metabolism of MCT is as quick as glucose and have approximately twice the caloric concentration than proteins and carbohydrates. They have little affinity to accumulate as body fat. Medium-chain triacylglycerols are not dependent on carnitine (an enzyme necessary for transport of fatty acids across the inner mitochondria membrane) to enter mitochondria. The higher solubility and smaller molecular size of MCFA make their absorption, transport and metabolism much easier than long-chain fatty acids. MCT are hydrolyzed more quickly and completely by pancreatic lipase than long-chain triacylglycerols (LCT). They may be directly absorbed by the intestinal mucosa with minimum pancreatic or biliary function [10] .
Oils from tropical plant, such as those from coconut and palm kernel, contain very high amounts (approximately 50%) of lauric acid (C12:0). They also contain considerable amounts of caprylic (C8:0), capric (C10:0) and myristic (C14:0) acids.
In many medical foods, a mixture of MCT and LCT is used to provide both rapidly metabolized and slowly metabolized fuel as well as essential fatty acids. Any abnormality in the many enzymes or processes involved in the digestion of LCT can cause symptoms of fat malabsorption. Thus, patients with certain diseases (Crohn' disease, cystic fibrosis, colitis and enteritis, etc.) have shown improvement when MCT are incorporated into their diet [11] . MCT have clinical applications in the treatment of lipid malabsorption, maldigestion, obesity and deficiency of the carnitine system. Some reports have proposed that MCT may decrease both serum and tissue cholesterol in animals and humans, even more than traditional polyunsaturated oils [12] . However, Cater et al. [13] have shown that MCT increase plasma cholesterol and TAG levels in mildly hypercholesterolemic men fed MCT, palm oil, or high oleic acid sunflower oil diets.
Long-Chain Fatty Acids
Most lipids consist of long-chain fatty acids (>C12) and are referred to as long-chain triacylglycerols (LCT). Palmitic acid (16:0) is a widely occurring saturated fatty acid and is found in almost all vegetable oils, as well as in fish oils and body fat of land animals. Palmitic acid is found abundantly in palm oil, cottonseed oil, lard and tallow, among others. Stearic acid (C18:0) is another important saturated fatty acids and is also a main component of cocoa butter. Triacylglycerols containing high amounts of long-chain saturated fatty acids, especially stearic acid (C18:0), are poorly absorbed in the human body partly because they have a higher melting point than the body temperature and they also display poor emulsion properties [14] . The poor absorption of longchain saturated fatty acids makes them good candidates for the synthesis of low-calorie structured lipids (SL). SL are fats or oils modified to change the fatty acid composition and/or their location in the glycerol backbone. For example, Nabisco Food Group used this feature of C18:0 to produce a group of low-calorie SL known as Salatrium, which consist of SCFA and long-chain saturated fatty acids, mainly stearic acid [15] .
Unsaturated Fatty Acids
Unsaturated fatty acids contain carbon-carbon double bonds in their aliphatic chain. In general, these fats are soft at room temperature. Monounsaturated fatty acids contain one carbon-carbon double bond. On the other hand, polyunsaturated fatty acids (PUFA) contain two or more carbon-carbon double bonds. The PUFA are liquid at room temperature due to the fact that the double bonds are rigid, thus preventing the fatty acids from packing close together. In general, they have low melting points and are susceptible to oxidation. Because most PUFA are liquid at room temperature, they are generally referred to as oils. The common sources of PUFA include grains, nuts, vegetables and seafood.
The n-9 Fatty Acids
The n-9 fatty acids, or monounsaturated fatty acids, contain one double bond that is located between the ninth and tenth carbon atoms from the methyl end group. They are found in vegetable oils such as olive, almond, hazelnut, canola, peanut and high-oleic sunflower as oleic acid (18:1n-9) . Oleic acid is the most widely distributed and the most extensively produced of all fatty acids. Olive oil (60% -80%), hazelnut oil (60% -70%) and almond oil (60% -70%) are rich sources of this fatty acid [16] . The human body can synthesize oleic acid, therefore it is not considered as an essential fatty acid. It plays a moderate role in lowering plasma cholesterol in the body [17] , but increasing the uptake of oleic acid in young healthy humans is known to increase plasma high density lipoprotein (HDL) and decrease TAG [18] .
Essential Fatty Acids (EFA)
As stated earlier PUFA with two or more double bonds in their backbone structures cannot be made in the body and hence considered EFA. There are two groups of EFA, the n-3 and the n-6 fatty acids. They are defined by the location of double bond in the molecule nearest to the methyl end of the chain. In the n-3 group of fatty acids, the first double bond occurs between the third and fourth carbon atoms and in the n-6 group of fatty acids it is situated between the sixth and seventh carbon atoms. The parent compounds of the n-6 and n-3 groups of fatty acids are linoleic acid (LA, 18:2 n-6) and α-linolenic acid (ALA, 18:3 n-3), respectively. These parent compounds are metabolized in the body via a series of alternating desaturation (in which an extra double bond is inserted by removing two hydrogen atoms) and elongation (in which two carbon atoms are added) steps.
The n-3 Fatty Acids
The n-3 fatty acids, such as α-linolenic acid (ALA), eicosapentaenoic acid (EPA; 20:5n-3) and docosahexaenoic acid (DHA; 22:6n-3) have many health benefits related to cardiovascular disease, inflammation, allergies, cancer, immune response, diabetes, hypertension and renal disorders [19] . Epidemiological studies have linked the low incidence of coronary heart disease in Greenland Eskimos with their high dietary intake of n-3 PUFA [20, 21] . Research studies have shown that DHA is essential for appropriate function of central nervous system and visual acuity of infants [19] . The n-3 fatty acids are essential for normal growth and development throughout the life cycle of humans and therefore should be included in the diet. The n-3 fatty acids have been extensively studied for their influence on cardiovascular disease (CVD). However, the exact mechanism by which these effects are rendered remains unknown, but research results have shown that these FA in marine oils may prevent CVD by decreasing serum TAG and acting as anti-therogenetic and antithrombotic agents [1] .
Marine oils are rich sources of n-3 fatty acids, especially EPA and DHA. Cod liver, menhaden and sardine oils contain approximately 30% EPA and DHA [19] . Alpha-linolenic acid (ALA; 18:3n-3), the parent of n-3 fatty acids, can be metabolically converted to DHA via desaturation and elongation reactions. However, the efficiency of conversion of ALA to DHA in human adults is very restricted (approximately 4%) and even more restricted in infants (<1%) [22] . In certain disease conditions, the rate of conversion of ALA to DHA and/or EPA is much lower, therefore long-chain polyunsaturated fatty acids (LC PUFA) such as DHA and EPA are considered conditionally essentials and must be obtained from dietary sources [22] . ALA is a main constituent of flaxseed oil (50% -60%). When ALA is absorbed into the animal body through the diet, it forms long-chain PUFA with an n-3 terminal structure. EPA and DHA are also important n-3 fatty acids. DHA is a major constituent of the gray matter of the brain and the retina of the eye. Human milk also contains a considerable level of DHA, therefore infants fed on mother's milk show a higher IQ and intelligence level than infants fed on formula's that lack any DHA [23] . In addition, EPA is a precursor of a series of eicosanoids and is important in protecting against heart attacks primarily due to its antithrombotic effect [24] . EPA was also shown to raise bleeding time and to decrease serum cholesterol levels [24] .
In conclusion, LC PUFA exhibit multifunctional role in promotion of health and prevention of disease in the human body. However, they are highly susceptible to oxidation when stored and are known, upon consumption, to increase the body's load on natural antioxidants such as α-tocopherol. Therefore, it is very important to stabilize oils rich in LC PUFA during storage by incorporation of appropriate antioxidants and adequate packaging technologies.
The n-6 Fatty Acids
The n-6 fatty acids display a variety of physiological functions in the human body. The main functions of these fatty acids are related to their roles in the membrane structure and in the biosynthesis of short-lived derivatives (eicosanoids) which regulate several aspects of cellular activity. The n-6 fatty acids are responsible for maintaining the integrity of the water impermeability barrier of the skin. They are also involved in the regulation of cholesterol transport in the body.
Linoleic acid (LA; 18:2n-6) is the most common fatty
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acid of this type. LA is found in all vegetable oils and is essential for normal growth, reproduction and health. LA serves as a precursor of n-6 family of fatty acids that are formed by desaturation and chain elongation, in which the terminal (n-6) structure is retained. Of these, arachidonic acid (AA; 20:4n-6) is principally important as a fundamental constituent of the membrane phospholipids and as a precursor of eicosanoids. On the other hand, γ-linolenic acid (GLA; 18:3n-6), an important intermediate in the biosynthesis of AA from LA, is a component of certain seed oils, such as borage and evening primrose, and has been a subject of intensive studies [25, 26] .
It is proposed that the uptake of 1% -2% LA in the diet is adequate to protect against chemical and clinical disorders in infants. The absence of LA in the diet is associated with manifestation of several disorders, including impaired growth and reproduction, excessive water loss via the skin, scaly dermatitis and poor wound healing [27] .
Biological Effect of Dietary Lipids
The influence of dietary lipids on the nature and constituents of adipose tissue is well recognized [28] . This lends support to the saying that "we are what we eat" for many different species tested. In a series of studies on seals and fish, Iverson and her colleagues [29] demonstrated that dietary lipids could be easily detected in their circulatory lipids and adipose tissues.
The dietary fat composition selectively affects fatty acid and TAG deposition in the adipose tissue. In turn, the composition of the fat in the adipose tissue influences lipid mobilization and release of fatty acids into the circulatory system [28] . Lipid mobilization from adipose tissue is not a random event, but instead is affected by variables, such as chain length, degree of unsaturation, and positional isomerization of fatty acids. The most readily mobilized fatty acids are those with 16 -20 carbon atoms and four or five double bonds, while other very long unsaturated and monounsaturated fatty acids are less easily mobilized [28] . Furthermore, the reduced fat deposition in animals fed trans fatty acids may be associated with direct influence of trans isomers on fat cell metabolism [30] . Many studies provide evidence that variations in the level and type of fat incorporated in the diet can change adipose cell size (hypertrophy) and/or number (hyperplasia) [28] . It is generally accepted that a high amount of fat in the diet may induce hypertrophy and/or hyperplasia. Launay et al. [31] suggested that the multiplication rate of adipose tissue might be increased when the degree of unsaturation of the dietary lipids is increased. On the other hand, Shillabeer and Lau [32] reported a greater degree of fat cell hyperplasia with saturated rather than unsaturated dietary fat. In contrast to the studies reported above, more consistent influences on adipose cellularity were noticed with dietary n-3 PUFA that selectively restrict fat cell size and/or number in a depot-dependent manner [33] .
Lipid Classes
Lipids are classified based on their physical characteristics at room temperature (oils are liquid and fats are solid), their polarity (polar and neutral lipids), their essentiality for humans (essential and non-essential FA), and their structure (simple, compound and fat-derived). Simple fats are made up of a glycerol, and one (monoacylglycerol), two (diacylglycerol) or three (triacylglycerol) fatty acids. The second category (compound) is the combination of simple fats with other moieties; phospholipids are one example of compound lipids. Fat-derived compounds combine simple and not contain a fatty acid, they are considered "lipid" because they are water insoluble; sterols provide a good example for this category.
Acylglycerols
The TAG consists of a glycerol backbone esterified to three fatty acids. Partial acylglycerols, such as mono-and diacylglycerols, may also be found as minor constituents in edible oils. These compounds are synthesized by enzyme systems in nature. Some 80% -95% of lipids are generally composed of TAG. The TAG is presented in many different forms, according to the type and location of the three fatty acid components involved. Those with a single type of fatty acid in all three positions are called simple TAG and are named after their fatty acid component. However, in some cases the trivial names are more commonly used. An example of this is trioleylglycerol, which is usually referred to as triolein. The TAG with two or more different fatty acids is named by a more complex system [16] .
Partial acylglycerols, such as diacylglycerols (DAG) and monoacylglycerols (MAG) are significant intermediates in the biosynthesis and catabolism of TAG and other classes of lipids. For example, 1,2-DAG is important intermediates in the biosynthesis of TAG and other lipids. On the other hand, 2-MAG is formed as intermediates or end products of the enzymatic hydrolysis of TAG.
Structured Lipids
Structured Lipids Applications
Structured lipids (SL) are TAG modified to change the fatty acid composition and /or their location in the glycerol backbone via chemical or enzymatic means [34] .density lipoprotein (LDL) cholesterol and total cholesterol [35] , improvement of immune function, protection against thrombosis [11] , reduction of protein breakdown [36, 37] , improvement of absorption of other fats [38] ), reduction of calories, preservation of reticuloendothelial system function [39] , as well as improvement of nitrogen balance [4] , and reduction of risk of cancer [40] .
ids in the final product [9] . In addition, the reactions carried out under harsh conditions such as high temperatures (80˚C -90˚C) and produce side products which are difficult to eliminate.
Enzymatically-Catalyzed Interesterification
An alternative to the chemical synthesis of SL is enzymatic process using a variety of lipases. Lipase-assisted interesterification offers many advantages over chemical one. It produces fats or oils with a defined structure because it incorporates a specific fatty acid at a specific position of the glycerol moiety. It requires mild experimental conditions without potential for side reactions, reduction of energy consumption, reduced heat damage to reactants, and easy purification of products [5, 41] . However, bioconversion of lipids with lipase is more expensive than chemical methods. Therefore, immobilization of lipids on suitable supports is desirable as it allows reuse of the enzymes. Screening of new lipases from organisms or production of a thermostable or sn-2 specific lipase that is rare in nature through bioengineering are desirable for industrial application.
Strategies for lipid modification include genetic engineering of oilseed crops, production of oils containing high levels of polyunsaturated fatty acids, and lipase-or chemically-assisted interesterification reactions. Depending on the type of substrate available, chemical or enzymatic reactions can be used for the synthesis of SL, including direct esterification (reaction of fatty acids and glycerol), acidolysis (transfer of acyl group between an acid and ester), and alcoholysis (exchange of alkoxy group between an alcohol and an ester) [9] . However, the ordinary methods cited in the literature for production of SL are based on reactions between two triacylglycerol molecules (interesterification) or between a triacylglycerol and an acid (acidolysis) (Figure 1 ).
Synthesis of Structured Lipids
Another approach is to produce structured lipids through bioengineering. Calgenes's Inc. of Davis (California) succeeded in production of high-laurate canola oil containing 40% lauric acid (C12:0). It is now available and marketed under the name Laurical and is used in confectionary coatings, coffee whiteners, whipped top-
Chemically-Catalyzed Interesterification
Chemically-catalyzed interesterification, using alkali such as sodium methoxide, is cheap and easy to scale up. However, such reactions lack specificity and offer little or no control over the positional distribution of fatty ac- [42] [43] [44] [45] succeeded in enriching different kinds of high-laurate canola oil with three main kinds of n-3 fatty acids (EPA, DPA, DHA).
Structured Lipids and Aquaculture
In order to maintain an average 13 kg/person annual consumption of fish, aquaculture must continue to grow at 10 % per year. By 2010, scientists expect aquaculture to be consuming about 75% of world fish oil. The main reason for using fish oil in aqua feeds because it is a good source of n-3 fatty acids (EPA and DHA). The demand for high quality fish oil is increasing, causing the high price to remain and making vegetable oils more competitive in this market. This will result in the development of modified oils containing appropriate quality as well as providing the required amounts of n-3 fatty acids [46] .
Future Considerations
Over the past two decades several research groups have successfully incorporated MCFA (caprylic or capric acids) into fish and marine oils containing PUFA [26, [47] [48] [49] [50] [51] [52] and into borage oil rich in γ-linolenic acid [25, 26, 53] . Despite their health benefits, SL containing PUFA are susceptible to rapid oxidative deterioration and thus experience stability problem. Therefore, further research is needed to stabilize these modified oils during storage by incorporation of appropriate antioxidants and adequate packaging technologies. Incorporation of SL containing n-3 PUFA into foods needs to be justified using evidence collected from animal studies and clinical trials. Further research should focus on the metabolism and medicinal importance and economic feasibility of large-scale production of SL containing a mixture of n-3 fatty acids.
Designing SL with specific fatty acids at specific locations of the TAG for use in medicine needs more studies. For example, it may be desirable to develop a SL for patients with cystic fibrosis that contains PUFA (e.g., EPA or DHA) at the sn-2 position, and MCFA at the sn-1, 3 positions.
In conclusions, fats or oils have been recognized for their nutritional, functional and sensory properties. They provide a more concentrated source of energy than do carbohydrates and proteins. There is an increasing concern about the link between a high uptake of certain types of fatty acids or an appropriate balance of the different fatty acids in the diet and certain disease conditions, such as cardiovascular disease, obesity and cancer. Thus, it is clear that there exists a need for specialty lipids that retain the physical, functional and sensory features of traditional lipids and provide specific health benefits.
